Abstract Acoustic thermometry is capable of phenomenal accuracy, but is a difficult technique to apply in many practical situations. Here, we describe a modification of the technique, which permits robust temperature measurements to be made, potentially with millikelvin resolution, over a temperature range extending from cryogenic temperatures to over 1000 • C. The technique uses measurements of the time of flight of acoustic pulses in tubes, usually filled with an inert gas such as argon. The tubestypically made of stainless steel with an outer diameter of 6 mm-act as acoustic waveguides and can be several meters long and bent into complex shapes. The time of flight is determined by the average temperature along the entire length of the tube. Local temperature information can be inferred in several ways. Typically a second shorter tube is used and the difference in time of flight reflects the temperature in the region at the end of the first tube. If the measurement length is sufficiently longtypically 1 m of tube-then a measurement resolution of less than 1 mK is achievable. The technique is well suited to measurements in harsh environments in which conventional sensors degrade. Results from early tests are shown, which highlight the strengths and weaknesses of the technique.
Introduction
The accurate measurement of moderately high temperatures (∼1000 • C) in harsh environments is a continuing challenge. Many industries, including aerospace, nuclear, automotive, military, and materials processing require reliable measurements over an extended period of time. In such environments, the temperature sensor may be exposed to thermal shock, physical shock, electromagnetic fields, ionizing radiation, high pressures, and physical or chemical contamination. Ideally, a sensor is needed that does not drift with time or thermal cycling and does not degrade or fail during service. In this article, a technique we will call practical acoustic thermometry (PAT) is described, which is capable of long-term driftless operation in harsh environments.
The PAT technique measures the speed of sound in tubes usually filled with an inert gas, such as argon, by measuring the time of flight of short acoustic pulses over a known distance. The speed of sound, c, in an ideal gas is given by [1]
where γ is the ratio of the specific heats C P /C V , R is the molar gas constant (J · mol −1 · K −1 ), T is the absolute temperature (K), and M is the molar mass of the gas (kg · mol −1 ). If the acoustic pulse travels a distance l in a time τ , the temperature is given by
It is worth noting briefly that the temperature measured by PAT is strictly correct only when the tube temperature is uniform. If the temperature varies along the tube then the time delay determines an estimate of the average temperature, but with a weighting biased by the 1/τ 2 term in Eq. 2.
The idea of acoustic thermometry in a waveguide is not new [2] . Apfel [3] used a resonant acoustic cavity and Zeigler and Spieker [4, 5] used a design similar to one of the designs we described here (Fig. 3b) . They worked extensively on a feedback scheme for digitally altering the shape of the initial pulse to overcome the alterations of pulse shape caused by dispersion [6] in their 3 mm diameter waveguide. In principle, either a resonance technique or a pulse time-of-flight technique could be used to extract temperature information from an acoustic waveguide. For example, the shape change in the pulses observed by Zeigler and Spiker is related to the finite widths of the acoustic resonances used by Apfel. However, there are also subtle differences between the techniques. For example, the large pressure fluctuations associated with the standing waves at a resonance peak couple strongly to parasitic mechanical resonances. Thus, it is possible that if a resonant frequency happens to coincide with a parasitic resonance, the frequency could be strongly perturbed in a particular range of temperatures. In contrast, the time-of-flight technique is less affected by coupling to parasitic mechanical resonances because the pressure oscillations are much lower amplitude and the measurement is over before mechanical resonances can build up.
